A homogeneous shallow-water model with free surface is used to model the tidal circulation in the Persian Gulf. The numerical finite-difference model includes harmonic diffusion of horizontal momentum and quadratic bottom friction, it has a 9 km mesh size and it is forced by 7 tidal components at its southern boundary. High precision bathymetric data are used to obtain the bottom topography. The numerical model is run for more than a year. The results are the following: 1) The model accurately reproduces the tidal phase and amplitude observed at 42 tidal gauges in the region. This accuracy is attributed to the presence of the 7 components which are able to interact nonlinearly; 2) The amphidromic points are also well positioned by the model due to a proper choice of bathymetry. This was checked also with a simpler geometry of the domain; 3) The tidal currents can be strong in the Straits of Hormuz and in shallow areas; thus they will have an effect of the hydrology of the region. The residual currents are weak so that they will be negligible for the large-scale circulation on long periods; 4) Finally, the sea-surface elevation forecast by the model is in close agreement with in-situ measurements of pressure in the Straits, performed during the GOGP99 experiment.
Introduction
The Persian Gulf is a Northwest to Southeast oriented basin, with length of about 1000 km, maximum width of 350 km, average depth of 40 m and maximum depth of 120 m at the Straits of Hormuz; the straits open on the Gulf of Oman. The surface of the Persian Gulf is about 239,000 km 2 and its volume is 8780 km 3 . It is bounded to the North by flat land (the delta of Iranian and Iraqi rivers), to the Northeast by the Zagros mountains, and to the Southwest by the desert of Saudi Arabia. High evaporation over the Persian Gulf leads to the formation of salty waters, called the Persian Gulf Water, which are exported into the Gulf of Oman, and which are compensated by an inflow of fresher Indian Ocean Surface Water. In the present study we will not consider the complex thermal and haline structure of the Persian Gulf, but we will study the tidal circulation in this gulf in a simple framework (assuming water mass homogeneity). Further work will address the circulation in a stratified case with thermal and haline and wind forcing.
The Persian Gulf has an oscillation period between 21.6 and 27 hours for tidal waves (from estimates by Defant [1] ). In practice, semi-diurnal and diurnal waves generate resonant interactions in the basin which lead to a system of amphidromic points of Kelvin-Taylor type. In 1988, Bogdanov [2] constructed tidal charts with the M2, S2, K1 and O1 components, obtaining different results from those by Defant [1] , especially concerning the position of amphidromic points of semi-diurnal waves. Several models [3] [4] [5] , using independent wave components and prescribing the free surface at the boundary of the model domain, obtained an accurate position for the amphidromic points, but amplitudes and phases of the tide were not always well reproduced. Recently, the use of satellite data assimilation, reduced the model errors [6] .
In this paper, we apply a 2D shallow water model over the Persian Gulf and the Northwestern Indian Ocean, forced by 7 tidal components at the southern boundary, and we describe the resulting tidal elevations and velocities; then we compare the model results with 42 tidal gauges recordings and with data from moorings of the GOGP99 experiment at sea, in the Straits of Hormuz.
Ocean, the Persian Gulf and the Gulf of Oman (see Figure 1(b) ). The grid mesh was 9 km in each direction. Bathymetric data with a 5' × 5' resolution were provided by Proctor for the Persian Gulf (see [7] ) and elsewhere, ETOPO2 bathymetry was used (see Figure 1(a) ). Four semidiurnal tidal components M2, S2, N2, K2 and three diurnal components K1, O1 and P1 were forced simultaneously on the water height at the southern boundary of this domain. This model was started from a state of rest and run over 375 days (the first 10 days being excluded from the analysis, because of dynamical adjustment of the model from the initial conditions). This long simulation allowed the nonlinear interactions between the seven tidal components to develop fully, and also allowed a correct separation of these components via harmonic analysis. This was a novel aspect of this study compared to former studies. A test was performed on the importance of the tidal generation potential: its inclusion in the model only led to very small differences from the results without it. Therefore the simulations presented below did not include this potential. The model had quadratic bottom friction proportional to gravity, to the modulus of velocity times its vector, and inversely proportional to the squared Strickler number (equal here to 45 m -1/3 ·s -1 ) and to the cubic root of ocean depth (see also [8, 9] ) The model also had harmonic diffusion of horizontal mo- 
Tidal Circulation: Model Results and Validation
Firstly we present the iso-amplitudes and iso-phases of tidal harmonics M2 and K1 in the Persian Gulf, provided by the model, in Figure 2 . The two amphidromic points for semi-diurnal tides (east of Qatar and near 28˚30'N and 50˚E), and the single amphidromic point off Qatar for diurnal tides are recovered. These results are in very good agreement with the analytical results by Defant [1] as well as with the assimilated solutions by Pontius [10] . For M2 and for K1, the model adequately reproduces the observed large amplitudes (on the order of 60 to 80 cm for M2 and 40 cm for K1) in the appropriate areas. For M2, these areas are the Straits of Hormuz, the region north of Qatar, and the southeastern part of the Gulf; for K1, these regions are the southeastern part of the Gulf and east of Qatar. For M2, the amplitudes between Qatar and Iran are in good agreement with observations while earlier studies tended to underestimate the amplitudes at this location. This good result can be attributed to the simultaneous use of 7 tidal components which can nonlinearly interact; indeed this constraint was absent from these earlier studies.
To validate the results, 42 time-series from tide gauges over the large domain were selected among the data at the International Hydrographic Office; these series were chosen under the condition that they be sufficiently long, continuous and consistent with neighboring tide gauges. Harmonic analysis was performed over the data and the model results and the 7 tidal components, presented in amplitude and phase, are listed in Tables 1 and 2 . The model results are in very good agreement with the observations. The differences between the model and data are often smaller than 10 percent for the amplitude and 10 degrees for the phase. Components P1 and K2 are a little less accurate in direction because their amplitudes are weaker. This occurs also for a few cases of O1. It should be noted that the accuracy is good both in the Persian Gulf and in the Gulf of Oman. Therefore, the model adjusts everywhere from its distant forcing. Table 3 provides an average value of the differences for the harmonic constants between model and data. This average is taken over all tidal gauges in the gulf, in the Arabian Sea or in the whole domain. Again, the model results agree very well with the observations. The averaged differences are on the order of a few centimeters for the amplitude and a few degrees for the phase. Very small errors are found in the Arabian Sea. The largest errors are found for waves K2 and P1 in the Persian Gulf; these errors can come from both the model and the measurements.
Another element of the model which leads to precise results is the accurate bathymetry in the Persian Gulf (see also [11] ). Navigation charts had originally been used to provide the bottom depth in the gulf; but these charts were not accurate enough (the gulf was too shallow) and they led to a misrepresentation of the amphidromic points. This was corrected by using the bathymetry provided by Proctor and complemented with ETOPO2. The difference between the depth of the navigation charts and that used finally in the model was about 10 m on average over the gulf.
To show how important an accurate bathymetry is for the model, we tested the influence of bottom topography on tides in the idealized case of a rectangular basin with an open strait at its eastern boundary; in that case, the tide was prescribed at this strait with the same amplitude and phase as in the real Persian Gulf. Indeed, Defant [1] considered the reflection of Kelvin waves in a semi-enclosed rectangular basin, and showed that the natural period of waves in a basin comparable to the Persian Gulf was 22 -23 hours. Thus, with a diurnal or semi-diurnal forcing, resonance oscillations can appear. When the forcing is a semi-diurnal wave, two amphidromic points should appear.
These two points are recovered in our simple basin experiment when the average depth is 40 m but not when it is 30 m. This shows that a proper bathymetry is critical for a good representation of tides.
Finally, the nature of the tide in the Gulf varies depending on the location. Table 2 provide the value of ratio F defined as F = (K1 + O1)/(M2 + S2), which characterizes the type (diurnal, semi-diurnal or mixed) of tide. For F < 0.25 the tide is semi-diurnal; for 0.25 < F < 1.5, the tide is semi-diurnal with diurnal inequality; for 1.5 < F < 3.0, the tide is mixed; and finally, for F > 3.0, the tide is diurnal. Figure 3 shows the value of factor F in the Persian Gulf. The model correctly reproduces the three types of tides (semi-diurnal, mixed and diurnal) observed by John [12] . Figure 4 shows the time evolution of the free surface in the 2D model at three points with different types of tides. Point A is located near the diurnal amphidromic point; since the diurnal component of the free surface elevation is zero at the amphidromic point, the semi-diurnal component dominates the tidal signal as observed. Conversely, point B is located near the semi-diurnal amphidromic point so that the diurnal component dominates. Finally, point C is not close to an amphidromic point so that the tide is mixed at this point as shown by Figure 4 . Figure 5(a) shows the maximal velocities of the tidal current in the Persian Gulf over the year of simulation; these current maxima do not necessarily occur at the same time everywhere. Tidal currents can be fast nearly everywhere in the Gulf; a striking feature is that such fast currents do not specifically depend on the type of tide. In particular, currents faster than 1 m/s are found in the Straits of Hormuz and around islands. Eulerian residual currents were then computed (because the mesh size is too large to allow the computation of Lagrangian residual currents) at a time of maximal diurnal and semi-diurnal currents; this period was near day 165 of the simulation. The currents were then averaged over a 20 day period around that date (to filter the instantaneous tidal signal). The residual currents are weak over the whole Gulf; velocities do not exceed 2 cm/s (see Figure 5(b) ). An anticyclonic current pattern can be seen north of Qatar with an intensification along the Iranian coast. Faster recirculations are observed along the coasts, around islands and in the Straits of Hormuz. These results agree with those of a finite element model by [13] .
Validation with Complementary Data
A complementary validation was performed using data from the GOGP99 experiment at sea (see [14, 15] ). This experiment was carried out in the Straits of Hormuz and in the Gulf of Oman in October 1999. Figure 1(b) shows the location of the moorings M1, M2 and D1 of this experiment.
D1 is a Doppler current-meter; it was moored at 120 m depth at the exit of the Straits of Hormuz. The Doppler current-meter was equipped with a pressure probe and recorder which provided a time-series. In Figure 6 , this pressure measurement is compared with the variation of the free surface elevation simulated by the model, once the average has been substracted from each series of data, during the same period. The two curves are strikingly similar both in amplitude (where the difference is a few centimeters only) and in phase. We can assume that the effects of the meteorological forcings at the ocean surface have been approximately canceled by substracting the 10-day average. Furthermore, two tide gauges, M1 and M2, have been moored at the entrance and exit of the Straits of Hormuz, for about a month in 1999. After the experiment, a harmonic analysis of the data was achieved and the amplitude and phase of the main components of the tide were determined at each point. These results were then compared with those forecast at the same points by the numerical model. It is interesting to note that these measurements lie in the open sea, contrary to those which were used above to validate the model. The agreement between model and data is good with a difference of only a few centimeters for all waves between the modeled and measured amplitudes, and of less than 10 degrees for the phase (see last two rows of Tables 1 and 2 ). Only the phase of component P1 at mooring M2 presents a large difference (larger than 30 degrees) between the model and the measurements. This difference is probably due to the fact that the model grid size (about 9 km) does not allow an accurate sampling of the bathymetry in the model. If the error remains weak in the Persian Gulf (mooring M1 lies at 25 m depth in reality and at 32 m in the model), this error is much larger at the exit of the Straits where the topographic gradients are large (mooring M2 lies at 113 m depth in reality and at 203 m in the model).
Conclusions
We have implemented a finite-difference code of a shallow-water model for a homogeneous ocean. This model was forced by 7 tidal components at its southern boundary. It reproduced well the tidal elevations and currents over the Persian Gulf and, more generally, over the larger domain (the Northwestern Indian Ocean). The amphidromic points and the type of tidal variation (diurnal, semi-diurnal, mixed) were correctly reproduced. The model results were validated with success using data from 42 tidal gauges, both in the Persian Gulf and in the Arabian Sea. This success can be attributed to an accu- rate bathymetry and to the simultaneous inclusion of the 7 tidal components, which can nonlinearly interact.
The tidal currents provided by the model are fast in the Straits of Hormuz (among other locations) and thus they will efficiently contribute to mix the outflowing Persian Gulf Water with the inflowing Indian Ocean Surface Water. They can also be fast in shallow areas and thus they will have an important effect on the hydrology in the whole Persian Gulf. But the Eulerian residual tidal currents are weak, and therefore they will be a priori negligible in the general circulation on the long term. Finally, the model accurately reproduced the measurements of free surface elevation and of tidal components at three moorings during the GOGP99 experiment.
This tidal model is now validated and can be included in a 3D primitive equation model for further studies. These studies will first address the effect of the wind on river plumes and later the regional circulation forced by the wind and by the atmospheric (heat and freshwater) fluxes.
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